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89Y NMR linewidth, Knight shift, spin-echo dephasing, and spin-lattice relaxation measurements have been
carried out in Y12xCaxBa2Cu3Oy . Underdoped and overdoped samples have been obtained by means of Y31
for Ca21 substitutions in the parent chain-empty antiferromagnetic ~AF! YBa2Cu3O6.1 and in the chain-full
YBa2Cu3O7, respectively. Unexpected effects, as the divergence of relaxation rate with the concurrent broad-
ening of the NMR line in the underdoped superconducting phase and the inadequacy of the Korringa relation
between the relaxation rate 1/T1 and Knight shift, even in the overdoped regime, suggest that a revision of the
commonly accepted view of YBa2Cu3O61y compounds is required. In particular the linear temperature depen-
dence of T1
21 and the temperature behavior of Knight shift cannot be accounted for over all the temperature
range. In the underdoped superconducting phase the divergence of 1/T1 on cooling is associated with the
slowing down of excitations possibly related to sliding motions of orbital currents, or with the concurrent
freezing of AF correlated spins. Echo-dephasing measurements evidence an extreme slowing down of longi-
tudinal spin fluctuations which appear to be driven by a different dynamic, related either to flux line motions
or to 63,65Cu spin-lattice relaxation.
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In spite of an intense research activity along the last 15
years, relevant microscopic aspects of high-temperature su-
perconductors ~SC! are still under debate. Besides the pairing
mechanism, those issues involve Cu21 spin dynamics and its
interplay with carriers charge and spin fluctuations and, in
underdoped compounds, the spin gap and/or the charge gap
opening at a temperature T* above the transition temperature
TC as well as the coexistence of superconductivity and mag-
netism. The normal-state phase diagram in the underdoped
regime seems to be more complex than expected. The over-
doped regime has been less studied and it also exhibits some
unexplained features. In short, it is the evolution with the
hole concentration that presents the major challenge in re-
gards to the microscopic mechanism underlying high-TC su-
perconductivity.
Nuclear magnetic resonance–nuclear quadrupole reso-
nance ~NMR-NQR!, muon spin relaxation (mSR!, and, in
part, electron paramagnetic resonance ~EPR! have recently
provided relevant information on the doping dependence of
the internal fields, of the low-energy spin excitations, of the
antiferromagnetic ~AF! correlation, of the density of states
around the Fermi level and of other quantities.1 89Y nucleus,
lacking of quadrupole moment and filtering out the AF cor-
relations, has already been used in several NMR studies2–9
and allowed to investigate the evolution with doping of the
phase diagram and, in particular,4 of the density of states
r(E), in which charge and spin excitations for conventional
Fermions can be imbedded.10
In this paper we present and discuss the results of system-
atic 89Y NMR measurements of the linewidth, of the Knight0163-1829/2004/69~10!/104512~7!/$22.50 69 1045shift, of the echo-dephasing time, and of nuclear spin-lattice
relaxation time T1, in Y12xCaxBa2Cu3Oy ~YBCO! super-
conductors, spanning from the underdoped to the overdoped
regime, in the temperature range 1.5–300 K. Preliminary
89Y NMR T1 and linewidth data in Y0.85Ca0.15Ba2Cu3O6.1
have been published11 and two unexpected results were
found. The NMR line was observed to broaden on cooling
below about 80 K and the 89Y relaxation rate to display a
peak around 8 K, with recovery law of stretched exponential
character. Later on Singer and Imai12 confirmed the afore-
mentioned observations in underdoped YBCO, also reporting
63Cu T1 and 89Y Knight shift and T1 in other three samples
with different Ca and/or oxygen content.
II. EXPERIMENTAL DETAILS AND RESULTS
The hole concentration nh in YBCO depends from the
transfer of carriers from CuO chains to CuO 2 planes. The
properties of underdoped YBCO are related not only to the
oxygen content but also to the chain ordering.13,14 The best
way to change nh without affecting the chain ordering and at
the same time to attain the overdoped regime is by means of
Ca21 for Y31 substitution. In chain-empty
Y12xCaxBa2Cu3O6 the substitution for x up to 0.25 ~and
nh5x/2<0.12) leads to the underdoped regime without
affecting15 the coordination of Cu~1! ions, which remain in
the 3d10 electronic configuration. By starting from optimally
doped YBa2Cu3O7 through Ca substitution one can attain the
overdoped regime, with oxygen-full CuO chains.
The samples of chemical composition Y12xCaxBa2Cu3Oy
were prepared by solid-state reaction of oxides and carbon-
ates in flowing oxygen at 1000 K for about 100 h. X-ray©2004 The American Physical Society12-1
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phase. The oxygen stoichiometry was first estimated by ther-
mogravimetry and energy dispersive spectrometry. Then the
samples were either oxygenated close to y57 by annealing
in oxygen atmosphere ~25 atm! at 450 K for about 100 h or
reduced as much as possible by leaving them under vacuum
for about 100 h. The final oxygen content turned out to be
y56.9760.02 for overdoped YBCO and y56.1060.05 for
the underdoped samples. The zero-field transition tempera-
tures TC(0) were estimated from magnetization curves in
H520 G. Sharp transitions were detected in overdoped as
well as in underdoped samples having TC*50 K ~see Table
I!. In strongly underdoped compounds the transition was ob-
served to broaden. It can be remarked that the local disorder
evidenced12 in 63Cu NQR spectra and related to electric-field
gradient distribution is not manifested in the 89Y NMR spec-
tra. In Table I the transition temperature TC(0) and the hole
concentration nh , estimated according to the empirical
expression8 TC /TC
max51282.6(nh20.16)2, are reported.
In Fig. 1 the Knight shift KS of the 89Y resonance line
with respect to the one in a reference solution of YCl3 ~after
the substraction of temperature independent 150 ppm chemi-
cal shift contribution! is reported. The 89Y NMR linewidth
@full width at half intensity ~FWHI!# is practically tempera-
ture independent down to TC in optimally doped and in over-
doped compounds, showing only a little increase on cooling.
In the superconducting phase of the overdoped samples only
the broadening due to the vortex lattice1 occurs. On the con-
trary, in underdoped compounds the linewidth ~Fig. 2! in-
creases sizeably well above TC .11 Below TC the line broad-
ening superimposes to the one due to vortex lattice11 dnFL
}lL(T)22 (lL is the London penetration length!.
The 89Y spin-lattice relaxation rates 1/T1 are reported as a
function of temperature in the normal state ~Fig. 3! and in the
superconducting phases ~Fig. 4! for typical overdoped and
underdoped samples. The recovery laws in the normal phase
are described by a single exponential, as expected for I
51/2, with a site-independent fluctuation dynamics. In over-
doped compounds an exponential recovery law is detected
also below TC . In underdoped compounds a fast relaxing
component, of stretched exponential character, is found to
arise progressively on cooling below about 60 K, increasing
TABLE I. Superconducting transition temperature TC in over-
doped and underdoped Y12xCaxBa2Cu3Oy and estimated number of
holes per CuO2 unit.
x y Tc ~K! nh
0 6.65 62.5 0.12
0.05 6.97 82.0 0.18
0.1 6.96 73.0 0.20
0.1 6.96 70.0 0.21
0.2 6.98 49.5 0.23
0.25 6.1 3561 0.07
0.15 6.10 3461 0.07
’0.15 6.05 2062 0.06
0.1 6.10 1462 0.0610451at the expenses of the slow relaxing, single-exponential re-
covery ~inset in Fig. 4!. The long T1 component follows
approximately the temperature dependence expected in the
superconducting phases, while the fast relaxing component
shows a divergent behavior on cooling, with a maximum of
the relaxation rate occurring at a temperature Tg around 8 K.
The relaxation rate in the superconducting phase of over-
doped samples is roughly the one expected below TC , once
the contribution from vortex motions around the irreversibil-
ity temperature is taken into account.
Finally in Fig. 5 the temperature behavior of the effective
FIG. 1. 89Y NMR Knight shift as a function of temperature in
underdoped and overdoped regimes of Y12xCaxBa2Cu3Oy . The
data represented by down triangles and by open diamonds are from
Ref. 12 for x50.22, while the ones represented by open squares
and up triangles are from Ref. 5 for x50.20.
FIG. 2. 89Y NMR linewidth dn ~FWHI!, in H059 T, as a func-
tion of temperature in the underdoped regime of
Y12xCaxBa2Cu3O6.1 . The data reported as triangles are from Ref.
12. The solid line below TC(H) tracks the behavior of the linewidth
dnFL expected from the vortex lattice, for TC(H)’25 K ~see Ref. 1
and references therein for details!.2-2
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to e21 from the initial ~extrapolated! amplitude, is reported,
as detected in the standard p/2-t-p sequence ~Hahn echo! or
in Carr-Purcell-Meiboom-Gill ~CPMG! sequence.
III. ANALYSIS OF THE DATA AND DISCUSSION
The NMR line shape results, in principle, from several
contributions. One source is related to the dipolar interaction
with like (89Y) and unlike (63,65Cu) nuclei, and yields a
Gaussian line shape.16 Due to other sources of broadening,
such as field inhomogeneity, distribution of demagnetization
factors, etc., the FWHI dn of the 89Y NMR line is found
around 1 KHz. dn depends only little on doping and should
be practically temperature independent, down to TC . In the
superconducting state extra broadening is due to the bulk
distribution of the local field induced by the flux-lines lattice
and 89Y linewidth tracks the local-field modulation.17 It is
evident from Fig. 2 that another line broadening mechanism
is present at low temperature in the underdoped compounds,
arising well above TC(H).
As regards the shift of 89Y NMR line, KS originates from
the field-induced polarization of delocalized Fermi-like car-
riers or from the field at the Y site due to the localized mag-
netic moments at the Cu21 spin, depending on the interpre-
tative model. Since the field is mostly due to the scalar
transferred hyperfine interaction, one can consider the shift
KS as isotropic. KS is related to the spin susceptibility,
KS5
HD
gmB
xspin5HDgmBx8, ~1!
FIG. 3. 89Y NMR relaxation rate in the normal state, in over-
doped Y12xCaxBa2Cu3O6.95 ~a! and in underdoped
Y12xCaxBa2Cu3O6.1 compounds ~b!. The data for x50.22
@TC (0)’75 K ~open circles! and TC(0)530 K ~open triangles!#
are from Ref. 12. The dashed-dotted line, in ~a!, is the best-fit be-
havior in overdoped compounds, by using the generalized suscep-
tibility as given in Ref. 20. The dashed line, in ~b!, tracks the effect
of the spin-gap opening occurring below about 350 K. In the inset a
typical recovery plot observed in the normal state is reported.10451where HD is the z-component of the magnetic field at the Y
site and where the static uniform spin susceptibility x8 ~in
eV21 units! has been introduced, while xspin[g2mB
2 x8.
In cuprates the 3d electron band is rather narrow and in
tight-binding models the magnetic properties are usually well
described within a localized spin approximation, with maxi-
mum spin density at Cu~2! site. Then x8 in Eq. ~1! can be
thought of as the q50,v50 limit of the generalized spin
susceptibility x(qW ,v) pertaining to the Cu21 magnetic mo-
ments.
In the somewhat opposite interpretative model the doping
induces a Fermi liquid of itinerant holes. In this case HD can
be written as (8p/3)^uk&2gmB (^uk& being the average of the
Bloch function for carriers at the Fermi surface!, namely, the
hyperfine contact term, and the static susceptibility is usually
written as
x8~0,0!5
r~EF!
12Ir~EF! ~2!
with r(EF) being the density of states at the Fermi level and
I[Iq50 a doping-dependent coupling constant which ac-
counts for the AF correlation. Within the scenario of delocal-
ized carriers a phenomenological way to account for the evo-
FIG. 4. 89Y relaxation rate, in the low-temperature range for
overdoped Y12xCaxBa2Cu3O6.95 @open symbols: x50.05 ~squares!;
x50.10 ~triangles!# and for underdoped Y12xCaxBa2Cu3O6.1
@closed symbols: x50.25 ~squares!; x50.15, TC(0)520 K ~tri-
angles!, x50.15, TC(0)534 K ~circles!#. The lines are guides for
the eye. The inset evidences that in underdoped regime the recovery
law is the sum of two components. The fast relaxing component has
a stretched exponential character and T1 has been taken as the value
at which it reduces to e21.2-3
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an energy independent r(E) with a density of states showing
a singularity at the Fermi level.4 A form of x(0,v), some-
what including the features of both models will be recalled
later on.
The 89Y relaxation rate can be conveniently written in
terms of the dynamical spin susceptibility,1,18,19
T1
215
89g2
2N kBT(q˜
Aq˜
2 x69 ~q˜ ,vm!
vm
~3!
and the form factor Aq
2 can be assumed independent of the
orientation of the external magnetic field. For localized mo-
ments one has1 Aq˜
2
5HD
2 $cos2(qxa/2)cos2(qyb/2)cos2(qzd/2)%
(d is the distance between adjacent CuO2 planes! with HD
.36 KOe. For ferromagnetic correlation among planes qz
50.
For delocalized carriers ~DC! Aq
2 is practically q indepen-
dent. A recent attempt to derive a form of x(qW ,v) suitable to
fit the temperature dependence of 63,65Cu, 17O, and 89Y T1
in optimally doped is due to Zavidonov and Brinkmann,20 by
using a two-times Green function method, within a t-J model
framework. We recall that because of the q dependence of Aq
2
filtering out the AF fluctuations, to a good approximation, the
relaxation rate becomes
1
T1
5
89g2
2 HD
2 kBT
N (qW
xS~0,0!
GqW~0 !
, ~4!
where the form factor has been taken q independent, as for
delocalized carriers. In optimally doped YBCO, in the tem-
perature range 100–300 K the experimental behavior of 1/T1
has been rather well reproduced.
The linear temperature dependence of the relaxation rate
in the normal state is a characteristic mark of optimally
FIG. 5. Inverse of the dephasing time of the spin echo in
Y0.75Ca0.25Ba2Cu3O6.1 for the Hahn ~squares! and for CPMG ~tri-
angles! sequences, as a function of temperature. In the inset the
blow up of data for the Hahn echo in the low-temperature range is
shown ~the dotted line is a guide to the eye!.10451doped and overdoped Y12xCaxBa2Cu3Oy . It should be re-
marked that this behavior is not in agreement with the Kor-
ringa relation T1T}KS
22
, since KS in overdoped compounds
is temperature dependent, decreasing by about 20–25% on
increasing T from 80 K to 300 K ~Fig. 1!. This anomaly was
already pointed out by Nandor et al.9 in optimally doped
YBCO, by extending the measurements up to about 800 K.
The data for KS and T1 in the overdoped sample with x
.0.10 can be compared with the theoretical calculation by
using the generalized susceptibility given in Ref. 20, in cor-
respondence to the value nh50.21 for the hole concentra-
tion. A partial agreement for the T dependence of KS is
found. However, the linear T dependence of 1/T1 could be
reproduced only over a limited temperature range, similarly
to what was already found in optimally doped YBCO.
In underdoped compounds, in agreement to previous
observations,2–6 the linear temperature dependence of 1/T1
breaks down due to the pseudogap opening. For a Fermi-like
spectrum of excitations, since 1/T1}r2(EF), the pseudo-gap
is manifested not only in the spin but also on charge excita-
tions, as observed by means of various techniques.10
89Y NMR results indicate that a DC model can hardly be
applied in the underdoped regime. One may speculate that
the spin-gap opening has to involve a phenomenon of mag-
netic character, such as antiferromagnetic fluctuations lead-
ing to a local situation similar to the one occurring in the
parent AF, with a gap between two Hubbard bands.
In the SC state the temperature dependence of 1/T1 in
overdoped ~and in optimally doped! YBCO is substantially
the one expected for spin-singlet and d wave pairings, with a
slight shoulder around T>50 K possibly due to the flux-lines
motions. The behavior in underdoped compounds ~Fig. 4! is
dramatically different. A sharp peak in 1/T1, around Tg
.8 K, is detected and for T&50 K the recovery law takes a
stretched exponential character. The peak in 1/T1 is a neat
indication of the occurrence of slowing down of the spin
fluctuations in the 20 MHz range. It points out that a further
source of relaxation, not present in overdoped samples, has
to be taken into account. On general physical grounds, in
view of the frequency and temperature dependence of T1’s
and of the nonexponential recovery law, one can write the
relaxation rate due to the extra contribution in underdoped
SC phase as 1/T1’89g2^he f f
2 &J(vL ,te), J(vL ,te) is the
spectral density at vL589gH0 and te effective correlation
time for the transverse fluctuations of hW e(t) at nuclear site
with mean square amplitude ^he f f
2 & . The stretched exponen-
tial recovery corresponds to
e2(t/T1
e )1/25E
0
‘
pS 1T1D e (2t/T1)dS 1T1D ~5!
where
pS 1T1D5 T1
2ApS T1T1e D
1/2 e
2T1/4T1
e2-4
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tion of the energy barriers E, yielding an average correlation
time ^te&5t0e [^E&/kBT].
From the condition that for T.Tg the maximum in the
relaxation rates implies J(vL ,^te(Tg)&).1/vL one can ex-
tract A^he f f2 & from the experimental T1(T5Tg) data. One
obtains A^he f f2 &.15 Oe, a value about a factor 10 smaller
than the one in underdoped La22xSrxCuo4.21 The reduced
effective field indicates that in bilayer compounds the corre-
lation between adjacent CuO2 planes partially cancels the ef-
fective fluctuating field at Y site and that the extra contribu-
tion to 1/T1 in the low-temperature range of underdoped
compounds could possibly arise from the sliding motions of
orbital currents.22 In Fig. 6 the data for
Y0.75Ca0.25Ba2Cu3O6.1 in the low-temperature range are fitted
by assuming a rectangular distribution for E, of width D ,
leading to23 J(vL ,te)5@1/2vL(D/T)#@arctg(t0vLe (E1D)/T)
2arctg(t0vLe (E2D)/T)# ~with E and D in Kelvins! and one
obtains t0.8310210 s, E522 K, and D516 K.
Now we discuss the data for the echo dephasing. For T
>30 K the data obtained from the Hahn or CPMG sequence
practically coincide. In the low-temperature region an en-
hancement of the decay rate of the Hahn echo around 7 K is
observed. Below about 3 K, an increase in T2
21 begins to
appear. Accordingly, the function he(2tm) shows a signifi-
cant changeover ~Fig. 7!. For T>10 K he(2tm) is practically
exponential. Around T.10 K the decay function appears
roughly of the form he(2tm)}e2tm3 /te. In the low-
temperature range, T,7 K, the function he(2tm) changes
again to a form resembling the stretched exponential. Having
obtained from the T1 data the temperature behavior of te
~correlation time for the transverse fluctuation! one can de-
rive an estimate of the order of magnitude and of the tem-
perature behavior of the dynamical contribution to T2
21
;g2,h2.2t’(dvz)2t by assuming for (dvz)2 a value
corresponding to a fraction of the linewidth, say dn
;1 KHz. Thus the dynamical contribution to T2
21 would
FIG. 6. Fit of 89Y relaxation rate in Y0.75Ca0.25Ba2Cu3O6.1 for a
single energy E ~dashed-dotted line! and for a rectangular distribu-
tion ~solid line!. The best-fit values derived from the solid line turn
out E522 K, D516 K, and t058310210 s.10451become of the order of 100s21 only around 2.5 K, then
rapidly increasing on cooling and flattening at T;1.2 K.
The conclusion is that the slowing down of the spin dynam-
ics causing the maximum in T1
21 could be responsible only
of the slight increase in T2
21 detected below about 2 K ~see
Fig. 5!. Therefore the peak in T221 observed around 7 K is
due to a dynamic different from the one yielding the peak in
T1
21 at about the same temperature.
Extra peaks in the spin-echo dephasing rate have already
been detected in optimally doped YBCO, around T.30 K
~see Ref. 24 and references therein!, including for NQR 63Cu
T2, which would at first sight rule out the hypothesis of a
contribution due to vortex dynamics. In view of the complex
phase diagram that has been argued to characterize the low-
temperature phases of underdoped cuprates, with a variety of
low-energy excitations25 one cannot disregard the hypothesis
of the ‘‘extra peak’’ in 1/T2 indicative of a novel type of
dynamics driving the transverse fluctuations of the local field
at the Yttrium site. Nevertheless, a conventional source for
the peak observed in 1/T2 can still be envisaged in the vortex
dynamics. In strongly underdoped YBa2Cu4O8, the effective
correlation time describing vortex motions has been proved26
to diverge on cooling below TC , reaching the millisecond
range at about 10 K, with an ~extrapolated! irreversibility
temperature around (0.2–0.3) TC . For an order of magni-
tude estimate of the contribution to the echo decay from the
vortex lattice motion one can write
1/T2FL;g2^DH2&
2tFL
11~tm /tFL!2
while the echo decay function can be expected of the form
h(tm)}exp@2tm /tFL#3. The maximum in (T221)FL should
occur at the temperature where tFL is of the order of the
characteristic measuring time tm in the Hahn echo. Then a
very small amplitude ADH2;0.2 Oe of the dynamical ripple
FIG. 7. Normalized echo amplitude for representative tempera-
tures. The stars indicate the decay of the echo amplitude after a
CPMG pulse sequence. The lines are guide for the eye.2-5
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results (T221)max;400 s21, at T.7 K.
Another possible source for the extra peak in 1/T2 is the
fluctuations in the local field induced by 63Cu nuclear spin-
lattice relaxation, with a characteristic time T1
Cu.tm . This
value of 63Cu T1 would be feasible if 63Cu spin-lattice re-
laxation has a T dependence similar to the one of 89Y. We
remark that 63Cu T1 measurements in the low-T range are
prevented by the very short transverse relaxation time ~wipe-
out effect, see Refs. 12 and 21 for a thorough discussion!. If
63Cu 1/T1 has a maximum on decreasing temperature similar
to the one evidenced in 89Y spin-lattice relaxation, then at
low temperature the condition tm.T1
Cu can be matched
again to yield a peak in 89Y 1/T2.
Finally we observe that spin-glass dynamics are ex-
tremely complex, involving motions on many different time
scales at the same temperature. The aforementioned picture
is strictly based on an activated model. Spin glasses are far
more complex, and may well exhibit a peaking of fluctua-
tions over a wide range of time scales within a narrow range
of temperatures, possibly accounting for the simultaneous
peaks in T1 and T2. However, it appears difficult to quanti-
tatively justify these simultaneous peaks even considering a
very broad frequency distribution and, therefore, a different
relaxation mechanism has to be invoked.
The broadening of the NMR line starts in a temperature
range where no effects of the vortices nor ‘‘static’’ contribu-
tion from the slowing down of the spin dynamics discussed
above are active. It is feasible that the broadening results
from a stripelike modulation in a quasistatic local field,12 the
site-dependent field in the neighborhood of ‘‘stripes’’ pre-
venting the occurrence of a common spin temperature.
IV. SUMMARIZING REMARKS
By means of 89Y NMR spectra and relaxation measure-
ments the evolution with doping of the microscopic magnetic
properties in YBCO’s superconductors compounds has been
investigated. In order to change the number of holes per
CuO2 unit and to span from the underdoped to the overdoped
regime, without affecting the CuO chains, the Ca21 for Y31
substitution was performed. 89Y NMR linewidth dn , Knight
shift KS , T1 , T2 in a temperature range 1.6–300 K at 9 T
have been measured.
In the normal phase T.TC(H) an analysis of the data is
attempted on the basis of a generalized spin susceptibility10451which includes charge and spin excitations. However this
form seems to reproduce the experimental relation between
KS and T1 in the overdoped regime only in a limited tem-
perature range, while it cannot justify the breakdown of the
conventional Korringa relation. Only a heuristic depletion of
hole density of states, corresponding to the pseudogap open-
ing, can justify the departure from the linear dependence of
T1
21 in the underdoped compounds.
As regards the superconducting phase, in the overdoped
regime the behavior of T1 is the one expected for spin-singlet
and d-wave pairings, with a slight shoulder at T>50 K, due
to flux line motions. In underdoped compounds, instead, T1
21
and the echo decay rate show a peak at .8 K, while dn
increases on decreasing temperature for T<80 K. The be-
havior of T1 can be tentatively attributed to sliding motion of
orbital currents often described as glass-spin freezing of
magnetic moments. A wide distribution of effective correla-
tion time for transverse fluctuations is indicated. This source
of relaxation could be present also in the dynamical contri-
bution to the echo decay rate T2
21
, but only below about 2 K.
Instead an extra peak in T2
21 is detected at about 7–8 K. It
has been argued how this effect could be due to a very small
fluctuation amplitude in the local-field distribution due to the
vortex lattice or to 63Cu T1 processes, with a characteristic
correlation time of the motion reaching the millisecond range
typical of the Hahn echo measure. Finally an indirect evi-
dence of a contribution to the linewidth broadening possibly
due to stripelike charge inhomogeneities has been indicated
as the possible source of the lack of a common spin tempera-
ture responsible for the stretched exponential character in the
spin-lattice relaxation recovery.
ACKNOWLEDGMENTS
A. Campana is thanked for the first measurements carried
out in one underdoped compound. F. Licci ~MASPEC,
Parma! is thanked for the preparation of a batch of
Y12xCaxBa2Cu3Oy used in the preliminary measurements
and F. Cordero ~IDAC, Roma! for oxygenation and deoxy-
genation of the samples. A. Vecchione and M. Gombos ~Uni-
versity of Salerno! are thanked for their help in the prepara-
tion and characterization of the samples used in the present
work. Useful discussion with M. H. Julien ~University of
Grenoble! and V. Mitrovic ~CNRS, Grenoble! are gratefully
acknowledged. I.A.L. was partially supported during his stay
in Pavia by INTAS Grant No. 01-0654.1 A. Rigamonti, F. Borsa, and P. Carretta, Rep. Prog. Phys. 61,
1367 ~1998!. Other review articles are referred in this report. For
the overdoped regime, in particular in Tl-based compounds, see
A. Trokiner, in ‘‘The Gap Symmetry and Fluctuations in High
TC Superconductors, edited by Bok et al. ~Plenum, New York,
1998!, p. 331.
2 H. Alloul, A. Mahajan, H. Casalta, and O. Klein, Phys. Rev. Lett.
70, 1171 ~1993!.
3 A.G. Kontos, R. Dupree, and Z.P. Han, Physica C 247, 1 ~1995!,and references therein.
4 G.V.M. Williams, J.L. Tallon, R. Michalak, and R. Dupree, Phys.
Rev. B 54, R6909 ~1996!; 57, 8696 ~1998!.
5 G.V.M. Williams and J.L. Tallon, Phys. Rev. B 57, 10 984 ~1998!.
6 G.V.M. Williams, J.L. Tallon, and J.W. Loram, Phys. Rev. B 58,
15 053 ~1998!.
7 J.L. Tallon, J.W. Loram, G.V.M. Williams, J.R. Cooper, I.R.
Fisher, J.D. Johnson, M.P. Staines, and C. Bernhard, Phys. Sta-
tus Solidi B 215, 531 ~1999!.2-6
89Y NUCLEAR MAGNETIC RESONANCE STUDY OF Ca- . . . PHYSICAL REVIEW B 69, 104512 ~2004!8 J.L. Tallon, Phys. Rev. B 51, 12 911 ~1995!.
9 V.A. Nandor J.A. Martindale, R.W. Groves, O.M. Vyaselev, C.H.
Pennington, L. Hults, and J.L. Smith, Phys. Rev. B 60, 6907
~1999!; see also T. Auler, M. Horvatic, J.A. Gillet, C. Berthier,
Y. Berthier, P. Segransan, and J.Y. Henry, ibid. 56, 11 294
~1997!.
10 J.R. Cooper and J.W. Loram, J. Phys. ~France! 6, 2237 ~1996!.
11 A. Campana, P. Carretta, M. Corti, A. Lascialfari, A. Rigamonti,
and F. Licci, Int. J. Mod. Phys. B 14, 2797 ~2000!.
12 P.M. Singer and T. Imai, Phys. Rev. Lett. 88, 187601 ~2002!.
13 P. Carretta, Physica C 292, 286 ~1997!.
14 P. Carretta, A. Lascialfari, A. Rigamonti, A. Rosso, and A.A.
Varlamov, Phys. Rev. B 61, 12 420 ~2000!.
15 A.J. Vega, M.K. Crawford, E.M. Mc Carron, and W.E. Farnet,
Phys. Rev. B 40, 8878 ~1989!.
16 J.T. Markert, T.W. Noh, S.E. Russek, and R.M. Cotts, Solid State
Commun. 63, 847 ~1987!.
17 H. Brom and H. Alloul, Physica C 177, 293 ~1991!, see also Ref.
1 and references therein.1045118 C.P. Slichter, Principles of Magnetic Resonance ~Springer-Verlag,
Berlin, 1990!.
19 T. Moriya, Spin Fluctuations in Itinerant Electron Magnetism
~Springer-Verlag, Berlin, 1985!.
20 A.Yu. Zavidonov and D. Brinkmann, Phys. Rev. B 63, 132506
~2001!; 58, 12 486 ~1998!; A.Yu. Zavidonov, I.A. Larionov, and
D. Brinkman, ibid. 61, 15 462 ~2000!.
21 M.-H. Julien, A. Campana, A. Rigamonti, P. Carretta, F. Borsa, P.
Kuhns, A.P. Reyes, W.G. Moulton, M. Horvatic´, C. Berthier, A.
Vietkin, and A. Revcolevschi, Phys. Rev. B 63, 144508 ~2001!,
and references therein.
22 M. Eremin and A. Rigamonti, Phys. Rev. Lett. 88, 037002 ~2002!.
23 A. Rigamonti and S. Torre, Phys. Rev. 33, 2024 ~1986!.
24 C.H. Recchia, J.A. Martindale, C.H. Pennington, W.L. Hults, and
J.L. Smith, Phys. Rev. Lett. 78, 3543 ~1997!.
25 M.V. Eremin and I.A. Larionov, JETP Lett. 68, 611 ~1998!, and
references therein.
26 M. Corti, B.J. Suh, F. Tabak, A. Rigamonti, F. Borsa, M. Xu, and
B. Dabrowski, Phys. Rev. B 54, 9469 ~1996!.2-7
